Biological fixation of orthopedic soft tissue grafts to bone poses a significant clinical challenge. The clinical success of soft tissue-based grafts for anterior cruciate ligament (ACL) reconstruction is limited by the lack of functional graft integration with subchondral bone. Soft tissues such as the ACL connect to subchondral bone via a complex interface whereby three distinct tissue regions (ligament, fibrocartilage, and bone) work in concert to facilitate load transfer from soft to hard tissue while minimizing stress concentration at the interface. Although a fibrovascular tissue forms at the graft-to-bone interface following surgery, this tissue is nonphysiologic and represents a weak link between the graft and bone. We propose that the re-establishment of the native multi-tissue interface is essential for biological graft fixation. In vivo observations and our in vitro monolayer co-culture results suggest that osteoblastfibroblast interaction is important for interface regeneration. This study focuses on the design of a triphasic scaffold system mimicking the multi-tissue organization of the native ACL-to-bone interface and the evaluation of osteoblast-fibroblast interactions during three-dimensional co-culture on the triphasic scaffold. We found that the triphasic scaffold supported cell proliferation, migration and phenotypic matrix production while maintaining distinct cellular regions and phase-specific extracellular matrix deposition over time. This triphasic scaffold is designed to guide the eventual reestablishment of an anatomically oriented and mechanically functional fibrocartilage interfacial region directly on biological and synthetic soft tissue grafts. The results of this study demonstrate the feasibility of multi-tissue regeneration on a single scaffold, and the potential of interface tissue engineering to enable the biological fixation of soft tissue grafts to bone.
INTRODUCTION T
HE ANTERIOR CRUCIATE LIGAMENT (ACL) is the primary knee joint stabilizer and the most frequently injured knee ligament, with approximately 100,000 reconstruction procedures performed each year in the United States. [1] [2] [3] [4] [5] Because of the poor healing potential of the ACL, 6 surgical reconstruction is necessary to restore normal knee function.
The long-term performance of ACL reconstruction grafts depends on the structural and material properties of the graft, the initial graft tension, [7] [8] [9] [10] [11] [12] the intra-articular position of the graft, 13, 14 graft fixation, 15, 16 and optimized postoperative rehabilitation.
Autologous hamstring tendon-based grafts are increasingly used for ACL reconstruction because of the high incidence of donor site morbidity associated with bone-patellar tendon-bone grafts. 17, 18 Clinically, the hamstring tendon graft is mechanically fixed within the femoral bone tunnel with a cross-pin, while a fixation screw is used to secure the graft within the tibial bone tunnel. While these grafts may restore the physiologic range of motion and joint function through mechanical fixation, biological fixation is not achieved because disorganized scar tissue forms within the bone tunnels. The native fibrocartilage insertion site fails to regenerate following surgery with traditional reconstruction techniques and mechanical fixation methods. 19 Without a functional interface, the graft-bone junction exhibits limited mechanical stability, 15, 16, 20 and the lack of graft integration constitutes the primary cause of graft failure. 15, 16, [21] [22] [23] Soft tissues such as tendons or ligaments connect to bone through a characteristic fibrocartilage interface, with controlled spatial variation in cell type and matrix composition. Three distinct tissue regions are observed: ligament, fibrocartilage, and bone. [24] [25] [26] [27] [28] [29] [30] [31] [32] The fibrocartilage region is further divided into nonmineralized and mineralized fibrocartilage zones. The ligament proper is composed of fibroblasts embedded in a type I and type III collagen matrix. The nonmineralized fibrocartilage matrix is composed of ovoid chondrocytes, and type II collagen is present within the proteoglycan-rich matrix. The mineralized fibrocartilage consists of hypertrophic chondrocytes surrounded by a calcified matrix, 30 and type X collagen is detected only within this region. 28 The last region is the subchondral bone, within which osteoblasts, osteocytes, and osteoclasts are embedded in a mineralized type I collagen matrix. This controlled matrix heterogeneity likely permits a gradual transition of mechanical load between soft tissue and bone, and in turn minimizes the formation of stress concentrations. 25, 33 Increased emphasis has been placed on graft fixation since postoperative rehabilitation protocols require the immediate ability to regain full range of motion, re-establish neuromuscular function, and bear weight. 19, 34 However, the mechanisms governing interface regeneration are not well understood. While tendon-to-bone healing following ACL reconstruction with hamstring tendon grafts does not lead to the re-establishment of the native insertion, fibrovascular tissue is consistently formed within the bone tunnels. 19, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] Furthermore, Fujioka et al. 47 reported that cellular reorganization occurred at the site of surgical reattachment of the Achilles tendon, along with the formation of nonmineralized and mineralized fibrocartilage-like regions. These reports collectively suggest that interactions between cells derived from tendon (i.e., fibroblasts) and bone tissue (i.e., osteoblasts) may play a significant role in interface regeneration.
We propose that functional biological integration of soft tissue-based ACL reconstruction grafts with bone may be achieved through the regeneration of the native fibrocartilage interface. Previous work from our laboratory evaluating the interaction of osteoblasts and fibroblasts in a monolayer co-culture model revealed that co-culture modulated cellular phenotype, resulting in a decrease in osteoblast alkaline phosphatase activity and the expression of type II collagen, as well as an increase in the mineralization potential of fibroblasts. 48 In addition, Nawata et al. 49 reported that postnatal reorganization of the ACL-to-bone insertion may involve the transdifferentiation of fibroblasts into fibrochondrocytes.
On the basis of these observations, it is clear that interface regeneration will require controlled cell-to-cell interactions. Therefore, we propose that the ideal scaffold for interface tissue engineering must support multi-tissue regeneration, promote homotypic and heterotypic cell interactions, and facilitate the development of distinct cellular and matrix zones mimicking those of the native insertion. 50 In addition to supporting cell attachment and growth, each phase of the scaffold should be designed to ensure that controlled morphologic and chemical stimuli are present to promote phaseand tissue-specific matrix elaboration. As with other tissue engineering applications, the interface scaffold must be biodegradable and exhibit mechanical properties comparable to those of the native ligament-to-bone insertion site.
This study focuses on the design and in vitro evaluation of a multiphasic scaffold with the potential to direct the regeneration of the multi-tissue interface between tendon grafts and bone. Our working hypothesis is that osteoblast and fibroblast interactions on a three-dimensional, biomimetic scaffold will lead to the development of distinct matrix organization on a continuous scaffold. The first objective of this study was to design a multiphasic scaffold mimicking the native ACL-to-bone interface. The second objective was to establish the feasibility of co-culturing osteoblasts and fibroblasts on the scaffold while maintaining distinct cellular regions. The final objective was to determine the effect of osteoblast and fibroblast interaction on the development of controlled matrix heterogeneity on the multiphasic scaffold. It was anticipated that the multiphasic scaffold design and controlled osteoblast-fibroblast interactions would result in distinct cellular zones and interface-relevant matrix organization on a single construct, building the foundation for the development of functional fixation devices with the potential to facilitate biological graft fixation.
MATERIALS AND METHODS

Objective I: scaffold design and characterization
Mimicking the matrix organization and the three distinct tissue types present at the native ACL insertion, the triphasic scaffold designed for this study consists of three phases ( Alkermes, Cambridge, MA) microspheres formed by a water/oil/water emulsion. 51 Briefly, PLGA was first dissolved in dichloromethane (10% w/v, EM Science, Gibbstown, NJ), then poured into a 1% polyvinyl alcohol solution (Sigma, St. Louis, MO) to form the PLGA microspheres. Phase B was fabricated by sintering the microspheres above the polymer glass transition temperature for 5 h. Phase C was comprised of composite microspheres consisting of a 4:1 ratio of PLGA and 45S5 bioactive glass (BG, 20 mm; Mo-Sci Corp., Rolla, MD), and the PLGA-BG microspheres were sintered for 5 h to form Phase C. 52 Phases A and B were joined together and subsequently sintered onto Phase C by heating all three phases together. The triphasic scaffolds were sterilized with ethylene oxide and vacuum desiccated for 24 h before characterization and in vitro evaluation.
Total scaffold diameter and thickness were measured following fabrication. Individual phase thickness (n ¼ 15) was determined by image analysis (ImageJ, version 1.34s, National Institutes of Health, Bethesda, MD), while phase diameter (n ¼ 5) was measured using a digital caliper. Scaffold porosity and pore diameter were evaluated by mercury porosimetry (n ¼ 3; Micromeritics, Norcross, GA).
Objective II: cell localization and maintenance of distinct cellular regions Cells and cell culture. Primary bovine fibroblasts and osteoblasts were obtained from, respectively, explant cultures of ACL and trabecular bone tissue according to methods described elsewhere. 53, 54 For osteoblast outgrowth, trabecular bone chips were isolated from subchondral bone using a bone rongeur. The bone chips were first rinsed thoroughly with phosphate-buffered saline (PBS, Sigma Chemicals, St. Louis, MO) to remove the bone marrow, then cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum, 1% nonessential amino acids, and 1% penicillin/streptomycin. For the fibroblast cultures, the ligament tissue was minced and incubated in fully supplemented DMEM. Only cells obtained from second migration were used to ensure a relatively homogenous cell population. 53 All media and supplements were purchased from Mediatech (Herndon, VA).
Localization of osteoblast-fibroblast co-culture on the triphasic scaffolds. To determine cell localization on the triphasic scaffold, primary osteoblasts were seeded on Phase C (2Â10 5 cells/phase). The cells were permitted to attach for 30 min before the addition of media. After 24 h, fibroblasts were seeded on Phase A of the triphasic scaffold (2Â10 5 cells/phase). Osteoblasts and fibroblasts were cocultured on the scaffold for 4 weeks, and the media was supplemented with 10 mg/mL ascorbic acid and 3 mM bglycerophosphate beginning at day 7.
Cell attachment, migration, and growth on the triphasic scaffolds were evaluated by fluorescence microscopy over the 4-week period. To monitor cell distribution and migration, osteoblasts were prelabeled with CM-DiI (2 mM) cell tracking membrane dye (Molecular Probes, Eugene, OR) before seeding, and all cells were subsequently labeled with calcein AM (8 mM) viability dye (Molecular Probes) following the manufacturer's protocols. The samples were imaged at day 0 and 28 using fluorescence microscopy (Carl Zeiss Inc., Thornwood, NY).
Objective III: development of controlled matrix heterogeneity on the triphasic scaffold Cells and cell culture. Human osteoblast-like cells and fibroblasts were obtained from explant cultures of tissue isolated from humeral trabecular bone and hamstring tendon, respectively. The human tissue samples were obtained as surgical waste following ACL reconstruction surgery and were exempted from institutional review board approval. Briefly, the trabecular bone chips were rinsed thoroughly with PBS and then cultured in fully supplemented DMEM; cell outgrowth was monitored over time. The tendon tissue was minced and cultured in similarly supplemented DMEM. Only cells obtained from second and third migrations were used in planned experiments to ensure a relatively homogenous cell population. 53 Osteoblast-fibroblast co-culture on triphasic scaffolds. After establishing the feasibility of osteoblast-fibroblast coculture on the triphasic scaffold, the effects of cell-cell interactions on the development of controlled matrix heterogeneity was evaluated. Specifically, human hamstring tendon fibroblasts (1.1Â10 4 cells/cm 2 ) were seeded on Phase A. After the cells were allowed to attach for 30 min, primary human osteoblasts (1.1Â10 4 cells/cm 2 ) were seeded on Phase C of the triphasic scaffold. On the basis of porosimetry analysis, total surface area of Phase A was approximately three times greater than that of Phase C. Consequently, three times more cells were seeded on Phase A than Phase C. After the osteoblasts were allowed to attach for 30 min, supplemented DMEM was added and the samples were incubated at 378C under humidified conditions. Ascorbic acid (20 mg/mL) was added beginning at day 7, and no b-glycerophosphate was added in this experiment to prevent ectopic mineralization of the fibroblasts on Phase A. Each well was precoated with agarose to limit cell migration, and media was exchanged regularly.
Cell proliferation, gene expression, alkaline phosphatase (ALP) activity, and extracellular matrix production were determined as a function of scaffold phase and culturing time. Compressive mechanical properties of the co-cultured triphasic scaffold were measured over time, with acellular scaffolds as controls.
Cell proliferation. Cell proliferation (n ¼ 5) was determined at days 1, 7, 21, and 35 by measuring total DNA per scaffold phase using the PicoGreen double-stranded DNA assay (Molecular Probes) following the manufacturer's suggested protocol. 55 At designated time points, each triphasic scaffold was rinsed with PBS and the three phases were separated using a scalpel. The cells in each phase were lysed with 0.1% Triton-X solution (Sigma), and each phase was homogenized (Biospec, Bartlesville, OK). Fluorescence of the samples was measured with a microplate reader (Tecan, Research Triangle Park, NC), with excitation and emission wavelengths of 485 and 535 nm, respectively. The total number of cells in the sample was determined by converting the amount of DNA per sample to cell number using the conversion factor of 8 pg DNA/cell. 56 Gene expression. We measured gene expression by using reverse transcription polymerase chain reaction (RT-PCR) at day 42. The three phases were separated and homogenized, and total RNA was isolated using the Trizol extraction method (Invitrogen, Carlsbad, CA). The isolated RNA was reverse-transcribed into complementary DNA (cDNA) using the SuperScript First-Strand Synthesis System (Invitrogen), and the cDNA product was amplified using recombinant Taq DNA polymerase (Invitrogen). Expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (GAPDH sense, 5 0 -GGTGATGCTGGTGCTGAGTA-3 0 ; antisense, 5 0 -ATCCACAGTCTTCTGGGTGG-3 0 , 305 base pairs) and type I collagen (type I collagen sense, 5
0 -TGC TGGCCAACCATGCCTCT-3 0 ; antisense, 5 0 -TTGCACAA TGCTCTGATC-3 0 , 489 base pairs) were determined. All genes were amplified for 40 cycles in a thermocycler (Eppendorf Mastercycler gradient, Brinkmann, Westbury, NY). Type I collagen band intensities were measured and normalized against GAPDH (ImageJ).
Alkaline phosphatase activity. Sample ALP (n ¼ 5) activity was determined using an enzymatic assay based on the hydrolysis of p-nitrophenyl phosphate (pNP-PO 4 ) to pNP. 55, 57 Aliquots of the sample homogenate (25 mL) were added to 75 mL of 10 mM pNP-PO 4 and were incubated at 378C for 30 min. The reaction was terminated by addition of 100 mL of 0.1 N sodium hydroxide, and sample absorbance was measured at 415 nm using a microplate reader (Tecan).
Cell attachment and phase-dependent extracellular matrix deposition in co-culture. Cell attachment morphology and growth on each phase of the triphasic scaffold (n ¼ 2) were examined immediately following seeding and at days 7, 21, and 35 using scanning electron microscopy (SEM, 3 kV; JEOL 5600LV, Tokyo, Japan, and FEI Quanta 600, FEI Co., Hillsboro, OR). The triphasic scaffold was rinsed in buffer and fixed with Karnovsky's fixative 58, 59 for 24 h at 48C and was dehydrated with an ethanol series. The scaffolds were mounted on an aluminum post and were goldcoated before analysis to reduce charging effects. Matrix distribution on each phase of the scaffold was monitored using SEM after 7, 21, and 35 days of culture. Elemental composition of the elaborated matrix on each phase was determined for non-gold coated samples using energy dispersive x-ray analysis (EDAX, 15 kV; FEI Quanta 600).
Scaffold mechanical properties. Compressive mechanical properties of the samples (n ¼ 4) were determined at days 0, 7, 21, and 35. The samples were tested under uniaxial compression (MTS 810, Eden Prairie, MN) following the methods of Lu et al. 52 Phase A was removed before testing since this phase is intended for soft tissue formation, and therefore the compressive properties of this phase are less relevant than those of Phase B and Phase C. Moreover, Phase A degraded rapidly over the 5-week period, and removal of this phase standardized the testing method. The samples were tested at a displacement rate of 1.3 mm/ min following a 10-N preload. 60 A stress-strain curve was generated and compressive modulus was determined by calculating the slope of the elastic region of the stress-strain curve.
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Statistical analysis
Results are presented in the form of mean AE standard deviation, with n equal to the number of samples analyzed. A two-way analysis of variance (ANOVA) was performed to determine scaffold phase and temporal effects on total cell number and ALP activity. Similarly, two-way ANOVA was performed to determine effects of co-culture and time on scaffold compressive modulus. The Tukey-Kramer post hoc test was performed for all pairwise comparisons and statistical significance was attained at a p value less than .05. All statistical analyses were performed using JMP statistical software (SAS Institute, Cary, NC).
RESULTS
Objective I: biomimetic scaffold design and characterization
Because the native ligament-to-bone interface ( Fig. 1-B) consists of three distinct yet continuous tissue regionsligament, fibrocartilage, and bone-we designed a triphasic scaffold ( Fig. 1-C) with the potential to support the simultaneous formation of these three types of tissue. Phase A of the triphasic scaffold is intended for fibroblast culture and soft tissue formation, while Phase C is intended for osteoblasts and bone formation. The intermediate region, Phase B, will support the co-culture of osteoblasts and fibroblasts and will promote the development of a fibrocartilage-like interface.
Specifically, Phase A consists of a polymer fiber mesh intended for fibroblast attachment and matrix production, Phase C consists of a polymer-bioactive glass composite previously shown to be osteoconductive, 52, 61 and Phase B consists of a porous polymer intermediate region where the two cell types can interact and potentially form a fibrocartilaginous zone. Properties of the as-fabricated scaffold are summarized in Table 1 . The average thickness of Phases A, B, and C were 2.44 AE 0.14 mm, 2.2 AE 0.2 mm, and 1.5 AE 0.2 mm, and the mean phase diameters were 6.75 AE 0.12 mm, 7.32 AE 0.08 mm, and 6.5 AE 0.4 mm, respectively. Scaffold porosity varied between 25% and 60% depending on the phase, and mode pore diameter remained relatively constant throughout the scaffold at approximately 70 mm. The compressive modulus of the as-fabricated scaffold was 110 AE 20 MPa. To validate the co-culture of osteoblasts and fibroblasts on the three-dimensional scaffold, the second objective of this study was to monitor the migration of both cell types into Phase B over time. As shown in Fig. 2 , fluorescence microscopy revealed that fibroblasts (labeled with calcein AM, green) and osteoblasts (labeled with CM-DiI, red ) were indeed localized primarily on their respective phases, with very few cells found in Phase B after initial seeding ( Fig. 2A) . After 28 days of culture, fibroblasts and osteoblasts proliferated within their respective phases, and both fibroblasts and osteoblasts migrated into Phase B (Fig. 2B) . With this scaffold design, osteoblasts and fibroblasts were largely localized in their respective regions, while their interaction was restricted to Phase B at day 28.
Objective III: phase-specific cell proliferation during co-culture
Cell number increased in all scaffold phases over 35 days of co-culture (Fig. 3) . The number of fibroblasts on Phase A increased significantly over time. The number of osteoblasts increased on Phase C from day 7 to day 35, but the difference was not statistically significant. The number of cells in Phase B also increased significantly over time, likely resulting from both cell migration and proliferation in Phase B. The highest number of cells was found in Phase A. Because of the greater surface area for cellular attachment in Phase A compared with Phase C, approximately three times more cells were seeded on Phase A to maintain cell seeding density; thus, consistently higher numbers of cells were found in Phase A throughout the 5-week period.
Objective III: matrix distribution and development of controlled matrix heterogeneity
The third objective of the study was to determine whether localized cell distribution and osteoblast-fibroblast coculture on the triphasic scaffold would lead to the formation of three distinct matrix regions: Phase A cultured with fibroblasts and with a type I collagen matrix for soft tissue; Phase C cultured with osteoblasts and dominated by a mineralized matrix; and both osteoblasts and fibroblasts restricted to Phase B, where their interaction may result in the production of a fibrocartilage-like matrix. In this study, cell-specific and phase-dependent matrix elaboration was observed throughout the triphasic scaffolds over the culture period. Type I collagen gene expression was detected on Phase A and Phase C at day 42 as expected, whereas type I collagen expression was also detected in cells found on Phase B. This finding indicates the potential for the production of a type I collagen matrix by osteoblasts and fibroblasts in Phase B (Fig. 4) . Gene expression for type I collagen was 34% higher in Phase A than in Phase B, and 76% higher in Phase A than in Phase C when normalized to GAPDH expression.
In addition, the highest ALP activity was detected on Phase C, which was seeded with osteoblasts, with a significantly higher level of ALP activity measured at day 7 on this phase ( p < .01, Fig. 5 ) compared with the two remaining phases. Only a baseline level of ALP activity was found on Phase A and Phase B over 35 days of culture. The SEM analysis revealed that both fibroblasts and osteoblasts elaborated extracellular matrix on Phases A and C, with cellular migration and matrix formation observed in Phase B (Fig. 6A) . At day 28, EDAX analysis revealed that the fibroblasts elaborated a sulfated, protein-rich matrix in Phase A, and a mineralized matrix was only found in Phase C (Fig. 6B) .
FIG. 3.
Cellular proliferation on each phase of the triphasic scaffold. Cell number increased significantly over time on Phase A and Phase B, and there was an increase on Phase C from day 7 to day 35, although this difference was not statistically significant. The increase in cell number on Phase B is attributed to fibroblasts and osteoblasts migrating into this phase and proliferating over time (n ¼ 5; *p < .01, **p < .05). Objective III: effects of co-culture on scaffold mechanical properties
The co-cultured scaffolds maintained a higher degree of structural integrity than did the acellular scaffolds. This was evident on Phase A, where the mesh maintained its integrity over time with matrix elaboration by fibroblasts, while this phase was completely degraded in the acellular group by day 35 (Fig. 7A) . As the scaffolds degraded over time, compressive modulus significantly decreased in vitro ( p <.05), with a 50% decline in modulus for the seeded scaffold and a 57% decrease for the acellular scaffold after 35 days of culture. While the mean compressive modulus was higher for the co-cultured group, no significant difference was observed between the co-culture and acellular scaffolds.
DISCUSSION
Our long-term research goal is to engineer a functional interface between soft tissue grafts and subchondral bone. The objective of the current study was to test our working hypothesis that controlled matrix heterogeneity can be formed on a triphasic scaffold through biomimetic design and relevant cell-to-cell interactions. Specifically, this study focused on 1) the design and analysis of a triphasic scaffold for interface regeneration, 2) the co-culture of osteoblasts and fibroblasts on the scaffold with the maintenance of distinct cellular zones, and 3) the development of phase-and cell-specific extracellular matrix on the triphasic scaffold.
A biomimetic approach was adopted for scaffold design in this study. The rationale for triphasic scaffold design was to mimic the multi-tissue organization inherent at the native ligament-to-bone insertion site, with each phase corresponding to the tissue type to be regenerated at the insertion. Our goal was to develop distinct yet continuous tissue regions on a single scaffold. To this end, each phase of the scaffold differs in morphology, composition, and cell type. Phase A is designed for soft tissue, while Phase C is designed for bone formation. Phase B is the interfacial region for FIG. 5. Phase-specific alkaline phosphatase (ALP) activity on the triphasic scaffold. The ALP activity on Phase C peaked at day 7 and was significantly higher than that on Phase A and Phase B (n ¼ 5; *p < .01), indicating that Phase C supports osteoblast differentiation.
FIG. 6.
Development of controlled matrix heterogeneity on the triphasic scaffold. (A) Scanning electron microscopy (original magnification, Â1000) revealed extensive matrix formation on Phase A and Phase C (day 35), and cell migration into Phase B (arrow). (B) Energy dispersive X-ray analysis revealed that fibroblasts elaborated a sulfated matrix on Phase A, and a mineralized matrix was formed by osteoblasts only on Phase C. Color images available online at www.liebertpub.com /ten.
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heterotypic cell-to-cell interactions and is intended for the eventual regeneration of the fibrocartilage interface. The cell types found on each phase correspond to the insertion region to be regenerated.
It is well established that scaffold chemistry and morphology modulate cell differentiation and matrix elaboration. 53, [62] [63] [64] [65] [66] [67] [68] [69] [70] Therefore, the triphasic nature of the scaffold is essential for the development of multiple tissue types on a single construct. The scaffold designed for this study include regions with varying morphology as well as chemistry with the specific intention of supporting multiple cell types. The current scaffold system is based on biodegradable polymers and polymer-ceramic composites, including PLGA mesh for Phase A, PLGA polymer microspheres for Phase B, and PLGA-BG composite microspheres for Phase C. A rapidly degrading polymer (PLGA 10:90) was chosen for Phase A to support fibroblast culture on the soft tissue phase, whereas the matrix development necessary on Phase B (PLGA 85:15) and Phase C (PLGA 85:15 and BG) requires long-term scaffold integrity. Polymeric fiber-based scaffolds have been researched extensively for ligament tissue engineering, 53, 68, 71 and polymer-ceramic composites have been used successfully for bone tissue engineering. 52, [72] [73] [74] [75] [76] The PLGA-BG composite was selected for the bone phase of the scaffold because of its reported osteointegrative and osteoinductive potential. 61, [77] [78] [79] [80] While the native fibrocartilage region is divided into nonmineralized and mineralized regions, Phase B in the current scaffold design is composed of PLGA without a mineral component. In adult tissue, the mineralized fibrocartilage zone is narrower than 100 mm, and mineral distribution in this zone is indistinguishable from the bone region. 32 Thus, we elected to focus for now on the formation of a nonmineralized fibrocartilage region in Phase B.
Cell tracking results revealed that following seeding, fibroblasts attached to Phase A and osteoblasts attached to Phase C. After 4 weeks, fibroblasts and osteoblasts continued to proliferate on their respective phases, whereas osteoblastfibroblast interactions were restricted to Phase B. These observations confirm that the triphasic scaffold design supported the establishment and maintenance of phase-specific cell distribution throughout the scaffold. Cellular proliferation was higher in Phase A and Phase B than in Phase C, most likely because of the difference in proliferation rates between fibroblasts and osteoblasts and the lower porosity of Phase C. Related to the controlled localization of cells, a phase-specific distribution of extracellular matrix was observed in the three phases of the scaffold over time. ALP activity and the elaboration of a mineralized matrix were significantly higher in Phase C, confirming that this phase is osteoconductive in vitro. A type I collagen matrix was found in all three phases, including Phase B, and EDAX analysis confirmed abundant extracellular matrix production on Phase A. Phase B is of particular interest because scaffold design enabled localized osteoblast and fibroblast interaction within this interfacial phase. It is anticipated that this direct co-culture of ligament or tendon fibroblasts and osteoblasts may assist in the development of fibrocartilage-specific markers within Phase B, and will be investigated in future studies.
Fibrocartilage is usually localized in regions subjected to compressive loading, 81, 82 suggesting that tensile forces in the ACL are distributed to bone through compression and shear in the insertion site. 33 In addition, we previously determined the strain distribution at the ACL-bone insertion using ultrasound elastography and found that when the tibiofemoral joint is loaded in tension, compressive strain exists at the insertion. 83 Consequently, only compressive mechanical properties of Phase B and Phase C were measured in this 3504 study since these phases of the scaffold would be the sites of fibrocartilage and bone formation, respectively, and therefore would be subjected to compressive loading in future clinical application.
Stratified scaffold systems have been researched for orthopedic tissue engineering, and in particular for osteochondral applications. 74, [84] [85] [86] [87] [88] Schaefer et al. 86 seeded bovine articular chondrocytes on polyglycolic acid meshes and periosteal cells on PLGA/polyethylene glycol foams, and subsequently sutured these separate constructs together at 1 or 4 weeks after seeding. Integration between the two scaffolds was observed to be superior when sutured at 1 week, suggesting the importance of cellular interactions immediately after seeding. Similarly, Gao et al. 87 seeded mesenchymal stem cell-differentiated chondrogenic cells in a hyaluronan sponge and mesenchymal stem cell-differentiated osteogenic cells in a porous calcium phosphate scaffold. These scaffolds were then joined by fibrin sealant and implanted subcutaneously in syngeneic rats, with continuous collagen fibers observed between the two scaffolds 6 weeks following implantation. In addition, distinct cartilaginous and osseous zones were also formed.
In these pioneering studies on multi-tissue integration, scaffolds with a single cell type were joined after seeding. This process minimized any immediate cellular interactions necessary for eventual construct integration. In addition, scaffold integrity is not optimal in these reported scaffolds because the integration between the two phases is not continuous. In contrast, the triphasic scaffold design used in this study consists of a single continuous construct with integrated phases, upon which cells can interact immediately after seeding. Moreover, osteoblast-fibroblast interaction is localized and promoted within the interface region (Phase B).
To our knowledge, this is the first reported study to focus on developing functional scaffolds and promoting cell-tocell interactions for regenerating the interface between ligament and bone. The novel triphasic scaffold reported in this study promoted the formation of distinct cellular and matrix regions, and will serve as a model system for developing tissue engineering strategies aimed at regenerating the graft-to-bone interface on soft tissue-based ACL reconstruction grafts. The results of this study demonstrate the feasibility of multi-tissue regeneration on a single graft, with the potential to promote biological fixation of soft tissue grafts to bone.
This triphasic scaffold is designed to guide the eventual reestablishment of an anatomically oriented and mechanically functional fibrocartilage interfacial region directly on both synthetic and biological soft tissue grafts. It is intended to be used clinically as a graft collar for soft tissue graft fixation. In this scenario, Phase C would be inserted into the bone tunnel, while Phases A and B would reside outside the bone tunnel in the joint capsule; cellular interactions will promote the formation of an anatomically oriented and functional fibrocartilage interface. Tensile and torsional forces would be sustained by the soft tissue graft and Phase A. The presence of a physiologic fibrocartilage region will enable the gradual transition of load from the graft to bone, 89 and osteointegration in the bone tunnel will be facilitated by Phase C and the addition of osteogenic factors.
Interface tissue engineering is an emerging field, and biological fixation of soft tissue grafts is a multifaceted problem with many inherent challenges. Through controlled coculture and multiphasic scaffold design, distinct cellular and matrix zones were developed on the triphasic scaffold. The phase-specific cell distribution and matrix heterogeneity were maintained for the duration of the culturing period in this study; however, whether this zonal distribution can be sustained during long-term culture and in vivo remains to be seen. Moreover, the mechanisms governing fibrocartilage development or regeneration are not well understood, representing one of the most significant challenges in orthopedic interface tissue engineering. In addition, a prerequisite for biomimetic scaffold design is a clear understanding of the structure-function relationship at the soft tissue-to-bone interface. Results from our ongoing studies in elucidating the mechanisms of interface regeneration and characterization of the chemical and mechanical properties of the ACL-tobone interface will aid in the optimization of cellular interactions on this multiphasic scaffold. Future studies will focus on strategies for in vitro and in vivo development of fibrocartilage-specific markers and biomimetic tissue organization on the triphasic scaffold.
In conclusion, we have reported here the design and in vitro testing of a triphasic scaffold for soft tissue graftto-bone integration. The triphasic scaffold supported the growth, migration, and phenotypic matrix production of osteoblasts and fibroblasts. More importantly, this novel biomimetic scaffold supported distinct zonal distributions of cells and phase-specific extracellular matrix deposition over time. This is the first reported study examining the interaction of osteoblasts and fibroblasts on a multiphasic scaffold, and our results demonstrate the feasibility of multi-tissue regeneration on a single construct. The cocultured triphasic scaffold will serve as a model system for formulating tissue engineering strategies for the regeneration of a functional interface on soft tissue reconstruction grafts.
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